A new concept based on a passive spatio-temporal interferometry has been proposed as the newest generation of the well-known SMOS mission successfully operating since November 2, 2009 [1]. While existing missions fail to address the more and more demanding users' requirements in terms of spatial and radiometric resolutions, the aim of the proposed concept is an enhancement of the currently achieved geometric resolution to meet the stringent users' needs in specific local-scale hydrological applications where sub-kilometric resolutions are needed [2] .
INTRODUCTION
Passive microwave remote sensing for Earth observation offers an all-weather capability for monitoring surface variables and parameters of Earth, namely ocean salinity [4] and soil moisture [5] . For this purpose low frequencies are to be preferred [6, 7] . However, the achievable spatial resolution then becomes an issue in the sense that acceptable resolutions require the use of large antennas.
The SMOS mission was launched in 2009 and is still operational. It was the first attempt ever to have a spaceborne L Band radiometer using spatial aperture synthesis interferometry [8] to achieve a relatively high spatial resolution (ranging from 27 to 60km) with a deployable antenna and a multiangular acquisition capability to enhance the radiometric resolution [9] . Alternative approaches using filled antennas are e.g. the Aquarius mission (launched in 2011 and achieving ∼100km resolution [10] ) and the SMAP mission (launched in February, 2015 and achieving 47×61km resolution [11] ).
Spatial aperture synthesis is a technique inspired by radioastronomy [12] , based on cross-correlating the received signals from a given source by spatially separated antennas after precisely timing them. For a negligible motion of the observer with respect to the observed source and simultaneous correlations of signals, it can be shown that the obtained visibility function is related by a simple Fourier-transform law to the current intensity distribution of the distant source. This is known as the Van Cittert-Zernike theorem (VCZT) (see eq.(13) below).
Modern VLBI interferometry uses the interference of signals received by different elements (antennas, telescopes) of the interferometer from a given source, shifted in time with delays specific for each antenna and pixel. However, the antenna arrays are still two-dimensional. Using adjustable delays for radiometry on board of a satellite was investigated as early as 1972 by Mel'nik [18] . Matched filtering techniques are used in order to track the changing differential delays due to the satellite's motion. The idea was recently taken up again, see [17] and references therein. These techniques should allow a pixel by pixel image reconstruction.
In contrast, the present paper investigates whether virtual baselines created by the motion of the satellite can yield a useful spatio-temporal aperture synthesis. We give an overview of the main results of the detailed study derived in [3] . We generalize the well-known Van Cittert-Zernike theorem in satellite-based radiometers using aperture synthesis to the general case of an observer moving relatively with respect to sources at the surface of the Earth. We arrive at two remarkable conclusions: i) the exact cancellation of the phase induced by the observer's motion with the first order Doppler effect prevents a direct usefulness of the virtual baselines and ii) justifies at the same time the neglect of the Doppler shift in existing satellite-based passive radiometers.
ELECTRIC FIELD
The configuration under study is composed of a pair of antennas on-board a satellite flying at a height h with a speed v s in the along-track (x-direction) and observing current sources at Earth's surface. Let R = (O,ê 1 ,ê 2 ,ê 3 ) be the reference frame fixed with respect to Earth and
3 ) the reference frame moving with speed v s fixed to the satellite. Also, let j(r, t) be a current density expressed at the position r = (x 1 , x 2 , x 3 ) in the reference frame R relative to Earth. One is interested in calculating the electric fields at points (r ′ , t ′ ) relative to R ′ . For a given time dependent charge density ρ(r, t) and current density j(r, t), the expressions for electric fields E(r, t) and magnetic induction B(r, t) in R are given in the far-field region (R ≫ λ) by [14] 
where R = r − r ′′ , R = |R|,R/R is the unit vector in (r − r ′′ )-direction, and ǫ 0 , µ 0 are the electric susceptibility and magnetic permeability of vacuum, respectively, λ the wavelength considered, and c the speed of light in vacuum.
The fields E(r, t) and B(r, t) are then Lorentz-transformed [13] 
where the former is the electric field seen by an antenna at position r ′ as function of the eigentime t ′ on board of the satellite. The obtained fields can be further simplified by restricting t to times smaller or equal than the time of overflight of a single pixel (∼ 1s) (hence v s t/|r ′ − r ′′ | ≪ 1). Furthermore, by noticing that β = v s /c is of the order of 10 −5 using SMOS parameters, changes of order β to the amplitude can be neglected, whereas phases are treated to first order in β. One then obtains the following approximation of E ′ (r ′ , t ′ ):
with R(t ′ ) = |r ′ +v s t ′ −r ′′ |. We see that at the position of the antenna in reference frame R the observed electric field is, to lowest order β in the amplitude and first order β in the phase, given by the electric field that would also be observed by a stationary observer, but with a pixel specific runtime delay.
The sources of the e.m. fields are assumed to be thermal sources at Earth's surface with spectrumj,
They can be modelled by Gaussian stochastic processes that are uncorrelated for different frequencies and positions [15, 16] ,
where l c and T c refer to the correlation length and the correlation time, respectively.
Inserting (4) in (3) and using the same approximations, the electric field as received at the level of the satellite reads
By filteringẼ ′ (r ′ , ω) with a filter function w(ω) one is finally left in the time domain with
Eq. (7) is correct to lowest order β in the amplitude and first order β in the phase. It shows clearly the effect of the Doppler shift due to the satellite's motion expressed as a shift of the frequency of the filter function, and the appearance of the phase factor e −iωt ′ê r ′ −r ′′ ·β .
CORRELATION FUNCTION
In the proposed new interferometric aperture synthesis scheme based on the inclusion of the observer motion in the measurement approach, two types of baselines are created when considering two antennas at fixed positions r 
. This leads to considering the correlation of the measured electric fields in the frame R ′ at different times,
where the average can be defined operationally by averaging over the required time for the satellite to fly over one pixel. For ergodic sources the time-average equals the ensemble average over the thermal ensemble. After some algebra one arrives at
We furthermore assume that ω 2 j r ′′ , ω 2 which is related to the brilliance temperature depends only weakly on frequency over the bandwidth b of center frequency ω 0 which is true compared to the rapid oscillations of the phase, i.e ω 2 j r ′′ , ω 2 ≃ ω 2 0 j r ′′ , ω 0 2 . By changing the variables ω(1 −ê r ′ 1 −r ′′ · β) → ω, and one easily finds
Note that β = v s /c. It hence follows to first order in β that
We clearly see the exact cancellation of the phase −ω∆tê r ′ −r ′′ · β of the Doppler shift with (ω/c)∆tv s ·ê r ′ −r ′′ corresponding to the virtual baseline in the direction of flight.
For a rectangular filter function of bandwidth b centred at ω 0 ,
the integral over ω can be performed. To first order in β, the final expression of the correlation function reads
where sinc(x) ≡ sin(x)/x, and K a constant. Eq. (12) represents the generalized expression of the Van Cittert-Zernike theorem to the case of an observer moving with respect to the sources.
ANALYSIS
The Van Cittert-Zernike theorem describes the Fourier transform relationship between the intensity distribution of sources at the surface of the Earth and the correlation of their emitted radiations. In the standard derivation of the theorem, the observer/sources relative motion is taken to be zero and correlations between fields at different positions are solely performed at the same time. We thus recover the standard form of the VCZT from (12) when setting ∆t = 0, and considering a small bandwidth, b∆r/c ≪ 1, allowing the approximation sinc(x) ≃ 1,
The disappearance of the observer's motion v s from the expression of the correlation function in (11) due to the cancellation of the Doppler shift with the phase induced by the virtual baseline justifies the neglect of the Doppler effect in existing satellite-based passive radiometers using synthesis aperture [9] .
CONCLUSION
Our detailed study [3] shows that by directly correlating at different times the time-dependent signals received by a 1D antenna-array, the additional phase information engendered by the satellite displacement is to first order in v s /c exactly cancelled by the Doppler shift.
The thus obtained expression of the correlation function (12) constitutes a generalization of the Van Cittert-Zernike theorem to the general case of an observer moving with respect to the observed scene and to spatio-temporal correlations. It demonstrates that the virtual baselines cannot be directly used, but at the same time, the generalization justifies the neglect of the longitudinal Doppler effect in standard space-based systems using aperture synthesis.
